The overall goal of this program is the development of an open-celled urethane foam system for use in self-deploying antenna structures. Advantages of such a system relative to current inflatable or self-deploying systems include high volumetric efficiency of packing, inherent restoring force, low (or no) outgassing, low thermal conductivity, high dynamic damping, mechanical isotropy, infinite shelf life, and easy fabrication with methods amenable to construction of large structures (i.e., spraying). The performance of our rigid open-cell foam systems, their crush and recovery behavior, potential packing scenarios, RF performance, and modeling are discussed.
II. Program Targets and Preliminary Analysis
Discussions were undertaken with antenna experts at NASA's Jet Propulsion Laboratory (JPL) to define performance parameters for the foams to be developed during the course of this program. Items considered included operating temperatures, launch conditions, and spatial accuracy.
The recent NASA Cloud Sat program determined the average operating temperature range to be -55 to 70°C. Operating temperature is a function of orbit and angle to the sun. The use of a foam that will be rigid under these operating conditions is important in order to maintain the desired figure. It is also of interest to keep the glass transition temperature (T g ) as low as possible in order to facilitate packing and deployment. Therefore, for this particular orbit, a foam with a T g of at least 70°C should be developed. An antenna will also need to survive launch conditions. The launch decay pressure rate is known to be -52 torr in 10 minutes. To prevent shape distortion, the foam employed for the antenna structure will need to have nearly 100 % open cell content. Spatial accuracy is another issue to consider. The foam antenna should retain its shape within 20 mil surface error after the deployment and heat cycle operation.
Having a skin or continuous coating on the antenna surface is highly desirable to promote the best possible RF performance. The presence of a smooth skin will diminish cross polarization concerns, which arise with surface defects. The metallization layer on the foam surface will also need to survive the heat and deployment cycle the antenna will be undergoing in order to retain the antenna's RF performance.
A well-characterized antenna form, WSOA-IIP, was chosen for evaluation in this program. All structural modeling was based on this antenna design. Coated foam antennae were produced using the WSOA-IIP shape as a guideline. Testing of some of these specimens is currently underway at JPL and results will be discussed as available.
A. Preliminary Modeling of Strength Requirements
A strength analysis based on the WSOA-IIP antenna geometry was undertaken to determine the density of foam required for construction of a self-supporting unit. The rim equations and sagita depth of the WSOA-IIP antenna were provided, allowing the development of finite element models. A parametric analysis was conducted using the foam density and the antenna thickness as variables. Foam densities in the range: 2 to 7 lb/ft3 (32 kg/m3 to 112 kg/m3) and antenna thicknesses in the range of 2 to 6 inches (0.0508 m to .1524 m) were considered. The thicknesses were assumed to be uniform between the front and back surfaces of the antenna. An antenna diameter range of 0.6 to 21 meters was used. Combined gravity and 0.01g dynamic slew loads were applied to the antenna to determine the maximum out-of-plane displacement at the front surface.
This analysis demonstrated that the optimum thickness for experimental hardware using WSOP-IIP antenna mold is 0.09 m (3.54 inch) and that the optimum thickness is independent of foam density for a given size and shape of antenna (see Figure 1) . Additionally, the optimum diameter/thickness (D/t) ratio to achieve minimum displacement under gravity and slew loading was determined to be 6.04 for WSOA-IIP antenna. The maximum displacement of the antenna went through a minimum value across the range of interest because the antenna flexes through the entire thickness prior to reaching the minimum value and also flexes in the sidewall between the front and back surfaces after reaching the minimum value. The optimum structural efficiency is achieved when the value for the thickness and hence the D/t of the antenna is at the minimum displacement for antenna flex through the entire thickness.
Based on the antenna requirements identified and the modeling described above, foam formulations with a target T g of 80°C and a target density of 3 lb/ft 3 (48 kg/m 3 ) were sought. Various combinations of catalysts and surfactants were evaluated in an attempt to achieve high open cell content in the foam systems. Additional work included the development of production methods, identification and development of conductive coating materials and application methods, and evaluation of packing and deployment. Additional analysis was also conducted to evaluate the potential behavior of these foam antennae in an orbital scenario. 
III. Antenna Development and Production
The development of foam antennae is a complex process, involving development of a satisfactory foam system, development of reproducible production processes, including coating application and machining, testing, and orbital analysis. Each of these areas is discussed in this section.
A. Open Cell Foam Development
Rigid polyurethane foams are commonly used as insulation materials and can easily be formulated for either pour or spray application. For large structures, spray application is more favorable since a large area can be covered in a short period of time. Common rigid foams are typically closed cell foams; each cell is a discrete, gas-filled unit. Open-celled rigid foams are not frequently employed. For antenna applications, however, we will need an opencelled system; open cells are necessary to allow the compaction required for packing and also for maintaining dimensional stability in the system. In a vacuum (as in space), the gases slowly diffuse out of closed cells, but are not replaced and therefore the system will gradually shrivel. Therefore, the early part of this program was dedicated to open-celled rigid foam development.
Foams typically consist of several components including isocyanates and polyols that form the polymer making up the foam; polyol chemical structure can be used to control the T g , catalysts that promote both polymer formation and cell blowing, surfactants to control cell size and direct cell opening, and blowing agents to provide the gas to form cells. Our systems incorporated a polyol chosen to produce a foam with a T g around 80°C and used water as the blowing agent. Water was chosen over the more common physical blowing agents as it will be incorporated into the polymer structure and will not leave any residues for offgassing. We also elected to develop a sprayable system since these antenna structures are ultimately targeted to be on the order of 10-25 meters in diameter.
A variety of additives were considered to promote cell opening in these basic foam systems. A detailed search of the patent literature provided significant guidance as to potential methods of opening cells in rigid polyurethane foams. The most commonly used methods included incorporation of fatty acids and fatty acid derivatives including esters, amides, and metal salts [1] [2] [3] [4] [5] , use of linear siloxane-oxyalkylene copolymers of moderate molecular weight (<30,000) 6, 7 , addition of polar liquids, including fatty alcohols [8] [9] [10] , and addition of low surface energy fine particulates (e.g., polyethylene, polytetrafluoroethylene). 5, 8 These additives have typically been applied to pour foams, which are considerably slower reacting systems than the sprayable system we were targeting for the program. Nevertheless, several of these additives, alone and in combination were evaluated for the production of open-celled rigid foams. Various combinations of catalysts and surfactants were evaluated in an attempt to achieve high open cell content in the foam systems. A combination of fluorinated and silicone surfactants in a relatively slow foam system proved to be most effective for producing rigid foams with high open cell content; a sprayable foam system with nearly 100% open cells has been achieved.
Air Comparison Pycnometry
Open cell content was determined using air comparison pycnometry, according to ASTM D6226, "Standard Test Method for Open Cell Content of Rigid Cellular Plastics". The test method is an application of Boyle's law, which states that an increase in volume of a confined gas results in a proportional decrease in the pressure. In the apparatus, there are two chambers of known volume (a sample chamber and an expansion chamber) connected by a valve. The sample is placed into one of these chambers and pressurized with a dry high purity gas (UHP nitrogen) to a specific level (P 1 ), which is noted. The valve between the chambers is then opened and the second, lower pressure (P 2 ) is then noted. The ratio of the pressure change is directly related to the volume of the sample chamber displaced by the specimen. The samples used are cubes of approximately 2.22 cm on a side. These samples are precision cut using a band saw with appropriate guides. Calibration was conducted using metal cubes of known dimensions. Two of these cubes comprise the sample used for open cell evaluation.
A photograph of the custom pycnometer system constructed for this project is shown in Figure 2 . (1) where V CHAMBER corresponds to the calibrated volume of the sample chamber and V EXP corresponds to the volume of the expansion chamber. The geometric volume (V) of the sample is calculated by adding together the volumes of the two cubes employed (Equation 2).
where l 1 , l 2 , w 1 ,w 2 , h 1 , and h 2 are dimensional parameters of the two sample cubes. The open cell content (O V )expressed as a percentage of the geometric volume is then determined by Equation 3.
Corrections for cells opened during specimen preparation can also be applied. These corrections are described in the Appendix.
Packing and Recoverability
The foams prepared from this formulation show excellent packability as well as recoverability. The material can be compacted by a factor of at least 4 with complete recovery to its starting dimensions. This has been demonstrated on small samples as well as on larger, thicker sections that are more representative of antenna constructions. Figure 3 shows a thick section that was collapsed in a vacuum bag and redeployed in a scenario similar to what might be considered for actual space-based systems. 
B. Antenna Production
Antenna production consists of a foaming step, a machining step, where the correct sample thickness is obtained, and a coating step. These stages are discussed below.
Foam Preparation and Machining
Foam antennas are produced by spraying the formulation developed onto a mold constructed from a metalloaded tooling resin. This mold was constructed directly from the original WSOA-IIP antenna supplied by JPL. The mold surface temperature and method of foam application is critical to obtaining a high quality antenna with a smooth surface for metallization. The mold must be heated to approximately 50°C before any foam is applied. The foam is then applied in layers, the first of which is relatively thin and is allowed to cure to a significant degree before application of successive layers. This allows the skin to form and be strong enough to withstand the pressure applied by the sprayer when later layers are added.
The foams are then annealed and machined to their desired thickness; the annealing step is included to prevent warpage of the machined foams that arises from the release of internal stresses in the foams.
Conductive Coatings
The final stage of antenna production is conductive coating application. We focused on methods that would be amenable to coating large surface areas. These included spray metallizations (e.g., arc spray, flame spray, or plasma spray) and conductive paints. The conductive paint we chose was a copper-containing paint supplied by Spraylat, Inc. A photograph of a copper Spraylat-coated antenna is given in Figure 4 . This coating was evaluated at JPL for surface resistivity and conductance as well as for coating thickness. The resistivity was measured on an initial sample at approximately 1 mΩ/… with a bulk conductance of 8.5 × 10
4 Ω -1 m -1 . Applying these numbers to the skin depth calculation for 15 GHz RF, yields a minimum coating thickness of 15 µm, leading to the desired coating thickness (3 skin depths) of 75 µm. The behavior of this coating in RF reflectivity is currently being characterized at JPL. Plasma spray metallization with both zinc and copper were also evaluated. Both the zinc and copper were successfully deposited on the polyurethane foam using a B 2 B-100 Plasmatron ® Spray System (Plasmadyne, a division of Premier Surface Technologies in Tustin, CA) with a SG100 DM plasma spray gun having an external powder feed. It was determined that at least eight layers of zinc were necessary to completely cover the foam sample. While developing the spray parameters for copper, it was discovered that for the first several layers, molten copper particles would penetrate the surface of the polyurethane. As a result, a uniform coating would not build up until 16 layers had been completed.
The conductivity of the sprayed zinc and copper are shown in 7 (Ωm) -1 respectively. Thus, the plasma sprayed coatings exhibit conductivities three orders of magnitude less than a theoretical value. This is likely due to the formation of oxides and pores during the plasma spraying process. Examination of the cross-sections of these samples also indicated some damage to the foam in the metal deposition area. This damage appears to be thermally induced and is likely resulting from the relatively high temperatures encountered during the plasma spray process. Flame spraying is a similar metal deposition technique that affords much lower temperature encounters between the metal and the deposition surface. Flame-sprayed metal coatings are currently being evaluated.
IV. Orbital and Thermal Analysis
The objectives of the analytical task were the creation of analytical thermal models of the foam antenna placed in typical low earth and geosynchronous orbits and to determine the temperature profile on the reflecting surface and the thermal gradient through the thickness and the figure distortion of the antenna under orbital thermal loading. The points in the orbit where the surface temperature of the antenna and the maximum thermal gradient occur are used to determine the overall figure distortion of the antenna under orbital thermal load. The figure distortion is characterized as spatial displacements and rotations of individual points from the initial figure of the antenna.
A. Material Properties and Orbital Parameters
The analyses require inputs of material properties for both the foams and for any MLI and coating materials to be considered. Inputs from the antenna design and the designated orbits must also be considered. All properties and values used in the analysis are presented in the following sections.
Material Properties
The foam properties used for the thermal and structural analyses are shown in Table II . Both three and ten-meter diameter antenna configurations were considered. The parameters for each design are presented in Table III . These numbers were incorporated into the models to evaluate the scalability of the foam antenna concept. Multi-layer insulation (MLI) was considered for use on the front reflecting surface and for the sides and back of the foam antenna. MLI is typically used for thermal control of large mechanical antennas in low earth orbit and derives its insulation effectiveness from the loft between the layers. MLI may be difficult to attach to a foam antenna and could provide ineffective thermal control. Coatings have high potential to replace MLI for thermal control of the foam antenna and can be sprayed onto the foam using a variety of techniques. Thermal control coating in place of MLI have high potential for improved packaging efficiency, weight savings and less complex deployment of the antenna. The thermal analyses evaluated the thermal control of MLI as well as evaluating coatings that can be applied directly to the foam for use as surface protective thermal control materials.
For the foam antenna configuration with MLI blanketing, the outer layer is Kapton with an effective emittance of 0.05. The surface emissivity and absorptivity values used for Kapton were 0.85 and 0.61, respectively.
Four candidate coatings were identified for evaluation of thermal performance. These coatings have a wide range of thermo-physical properties for thermal control coatings and can be flame sprayed onto the exterior foam surface. The solar absorption and IR emissivity values for the candidate coatings used in this study are shown in 
Orbital Environments
Two orbits were selected for the transient thermal analyses for the foam antenna, a hot case low earth (500 km) orbit (LEO), and a cold case geosynchronous orbit (GEO). Aluminum (Al), copper (Cu), and silver (Ag) coatings were considered, as were black paint and MLI. The orbital parameters for the two cases are shown in Table V . 
B. Assumption and Analysis Approach
A finite element analysis (FEA) model of the foam antenna was constructed using FEMAP/ATM. The model was comprised of 1340 nodes, 432 elements, and 240 radiating surfaces. Using SINDA/ ATM, a conduction matrix of the thermal math model was generated. Radiating surfaces were defined both for nadir and for zenith facing surfaces of the antenna. Subsequently a TRASYS geometry surface model of the antenna was generated via SINDA/ATM. The TRASYS model was translated into TSS (Thermal Synthesizer Systems).
Thereafter, TSS was used for determine the radiative matrix and the orbital heat input arrays. The conductive matrix, radiative matrix, and the time dependent orbital heating input array were incorporated using SINDA/G and a transient thermal math model was generated. For each antenna, coating, and MLI combination, a separate radiative matrix was generated, resulting in a total of 5 matrices. As for the orbital heat input matrices, 10 heat rate input files were generated for the two orbits and 5 sets of coating/MLI properties. During the transient runs, the orbital temperature variations, the maximum/minimum temperatures, and the maximum temperature gradients across the antenna X-axis and Y-axis were captured. The maximum temperature gradient was calculated using antenna edgeto-edge temperature difference in both the X and Y directions. Temperature load cases were generated during the maximum temperature gradient at the given time in orbit. These load cases were then applied to thermal distortion analysis. Figure 5 shows a sample load case for an antenna with a silver coating in the LEO case. The given plot shows the temperatures, depicting the worst thermal gradient in the given orbit for the nadir (Earth facing) and zenith (Space facing) positions of the antenna in the orbit. Figure 7 summarizes the results of the calculations for the cold case geosynchronous orbit. In this case, the nadir surface of the antenna has approximately -105°C and 0° C gradients along the X-and Y-directions of the surface of the antenna, respectively. The maximum temperature gradient at the given orbital time for each of the coatings and MLI show significant difference for the X-direction thermal gradient. The cold case results show that the temperature gradient decreases with increasing α/ε ratio for the coatings. 
C. Results and Discussion
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V. Conclusion
Adherent Technologies, Inc. has developed a rigid, open-celled polyurethane foam system for the production of self-deploying foam antenna structures. Orbital thermal analysese were conducted to determine the likely thermal gradients these antennae will experience and to predict figure distortions as a result of these gradients. RF reflectivity analysis is currently underway. 
